Any individual virus can infect only a limited range of hosts, and most plant species are ''nonhosts'' to a given virus; i.e., all members of the species are insusceptible to the virus. In nonhost plants, the factors that control virus resistance are not genetically tractable, and how the host range of a virus is determined remains poorly understood. Tomato (Solanum lycopersicum) is a nonhost species for Tobacco mild green mosaic virus (TMGMV) and Pepper mild mottle virus (PMMoV), members of the genus Tobamovirus. Previously, we identified Tm-1, a resistance gene of tomato to another tobamovirus, Tomato mosaic virus (ToMV), and found that Tm-1 binds to ToMV replication proteins to inhibit RNA replication. Tm-1 is derived from a wild tomato species, S. habrochaites, and ToMVsusceptible tomato cultivars have the allelic gene tm-1. The tm-1 protein can neither bind to ToMV replication proteins nor inhibit ToMV multiplication. Here, we show that transgenic tobacco plants expressing tm-1 exhibit resistance to TMGMV and PMMoV. The tm-1 protein bound to the replication proteins of TMGMV and PMMoV and inhibited their RNA replication in vitro. In one of the tm-1-expressing tobacco plants, a tm-1-insensitive TMGMV mutant emerged. In tomato protoplasts, this mutant TMGMV multiplied as efficiently as ToMV. However, in tomato plants, the mutant TMGMV multiplied with lower efficiency compared to ToMV and caused systemic necrosis. These results suggest that an inhibitory interaction between the replication proteins and tm-1 underlies a multilayered resistance mechanism to TMGMV in tomato.
ach virus species infects a particular range of hosts. If a plant species includes varieties that are resistant and others that are susceptible to a virus, the factors that control the resistance can be genetically analyzed, and many monogenic traits that confer resistance to viruses, namely resistance genes, can be (and have been) identified (1, 2) . These resistance genes include those that elicit a hypersensitive reaction in response to infection (3), nonfunctional alleles of host genes that are necessary for virus multiplication (4, 5) , and a gene that encodes an inhibitor of viral proteins (6) . Resistance genes have been used to protect crops from viruses, but resistance-breaking virus mutants often emerge after the introduction of these genes.
In contrast, resistance displayed by a nonhost plant species, in which all members show resistance to a given virus, is rarely overcome, and therefore uncovering its mechanisms will help devise strategies to establish durable resistance. Moreover, because most plant species are resistant to most viruses, such interactions occur quite frequently. However, this type of resistance is difficult to study because of the inapplicability of classical genetics approaches, and, to our knowledge, factors that control the resistance to viruses remain unidentified. Resistance to bacterial or fungal pathogens displayed by an entire plant species is called nonhost resistance. Despite the difficulty of studying this type of resistance as discussed above, recent studies have revealed that multilayered mechanisms comprising both constitutive barriers and inducible defense reactions underlie nonhost resistance to bacterial and fungal pathogens (7) (8) (9) .
The members of the genus Tobamovirus are classified into more than a dozen species, on the basis of host range, the serological behavior of virions, the amino acid sequence or composition of the coat proteins, and more recently the nucleotide sequences of the genomes (10) . Tomato mosaic virus (ToMV), Tobacco mild green mosaic virus (TMGMV), and Pepper mild mottle virus (PMMoV) are tobamovirus species that successfully infect tobacco (Nicotiana tabacum). However, while ToMV can multiply in tomato cultivars that do not carry tobamovirus resistance genes, all known strains of TMGMV and PMMoV cannot multiply in any cultivars of tomato (Solanum lycopersicum) tested (11) (12) (13) (14) (15) ; i.e., tomato is a nonhost of TMGMV and PMMoV. TMGMV and PMMoV cannot multiply even in protoplasts isolated from tomato, indicating that at least intracellular multiplication of the virus is inhibited (ref. 14; K.I. and M.I., unpublished data).
The genome of a Tobamovirus is a messenger-sense (positivestrand) RNA that is translated in infected cells to produce the replication proteins (the 130-kDa protein and its read-through product, the 180-kDa protein). Replication proteins form replication complexes that are bound to membranes and contain specific host factors, and they replicate the genomic RNA and synthesize the subgenomic mRNAs via the negative-strand RNA (16) . Tm-1
GCR237
(referred to here as ''Tm-1''), a semidominant resistance gene of tomato (cv. Craigella GCR237) to ToMV, encodes a protein that binds to ToMV replication proteins and inhibits viral RNA replication (6) . Tm-1 is derived from a wild tomato species, S. habrochaites, and a ToMV-susceptible tomato cultivar GCR26 has an allelic gene named tm-1 GCR26 (referred to here as ''tm-1''). Both Tm-1 and tm-1 encode proteins of 754 aa, while 25 residues are different. The tm-1 protein can neither bind to ToMV replication proteins nor inhibit ToMV RNA replication (6) .
In this paper, we report that tm-1 inhibits the multiplication of TMGMV and PMMoV by binding to their replication proteins, and this inhibitory interaction contributes to the resistance of tomato to TMGMV. position 979 (Gln-979) in the replication proteins with a glutamate residue, which is critical to the ability to overcome Tm-1 (17) . Previously, Hamamoto et al. constructed a ToMV mutant named ToMV-TLIle, in which Gln-979 is substituted by an isoleucine residue, and found that ToMV-TLIle has altered host specificity: it cannot multiply in any tomato cultivars, with either tm-1 or Tm-1, whereas it multiplies in tobacco plants as efficiently as wild-type (WT) ToMV (18) (Fig. 1 A and B) [supporting information (SI) Table S1 ]. Considering the fact that ToMV-TLIle has a mutation at the very residue that is critical to overcome the Tm-1 resistance, we hypothesized that tm-1 inhibits the multiplication of ToMV-TLIle.
To test this possibility, we generated transgenic N. tabacum cv. Samsun (hereafter referred to as ''tobacco'') plants that constitutively expressed the tm-1 or Tm-1 proteins. These transgenic plants showed no obvious morphological abnormalities under our growth conditions. When tm-1-expressing tobacco plants were inoculated with WT ToMV or ToMV-LT1, their coat proteins (CPs) accumulated to a level as high as that in nontransgenic tobacco plants (Fig. 1C) . In Tm-1-expressing tobacco, ToMV-LT1 CP accumulated to a level comparable to that in nontransgenic tobacco plants, but the accumulation of WT ToMV CP was not detected (Fig. 1D ). This result indicates that Tm-1 inhibits ToMV multiplication in tobacco as in tomato. We then inoculated the transgenic tobacco plants with ToMV-TLIle. The accumulation of ToMV-TLIle CP was not detected in either transgenic tobacco plant ( Fig. 1 C and D) , while in nontransgenic tobacco plants the CP accumulated to a level similar to that for WT ToMV (Fig. 1 A) . These results indicate that tm-1, as well as Tm-1, inhibits the multiplication of ToMV-TLIle.
Like ToMV-TLIle, TMGMV and PMMoV infect tobacco but not tomato ( Fig. 1 A and B) . The similarity of the host range of these viruses led us to test the contribution of the tm-1 gene of tomato to resistance to TMGMV and PMMoV. In transgenic tobacco plants that expressed either tm-1 or Tm-1, CP accumulation of neither TMGMV nor PMMoV was detected ( Fig. 1 C  and D) . These results indicate that the expression of tm-1 or Tm-1 alone is sufficient to inhibit the multiplication of TMGMV and PMMoV, which may account, at least in part, for the inability of these viruses to multiply in tomato. Previously, we found that the Tm-1 protein binds to the replication proteins of WT ToMV and inhibits its RNA replication in vitro, and the replication proteins of ToMV-LT1 neither bind to Tm-1 nor suffer from the inhibition of RNA replication by Tm-1 (6) . Here, we examined whether tm-1 and Tm-1 bind to the replication proteins of ToMV-TLIle, TMGMV, and PMMoV and inhibit their RNA replication in vitro.
To examine the effect on RNA replication, the tm-1 and Tm-1 proteins were prepared by in vitro translation of the respective mRNAs in evacuolated tobacco BY-2 protoplast extracts (BYL) (19) from which membranes had been removed by centrifugation at 30,000 ϫ g (mdBYL) (20) . The genomic RNAs of the tobamoviruses were also separately translated in mdBYL. The tm-1/Tm-1 mRNA-translated and tobamoviral RNA-translated reaction mixtures were mixed and incubated. The mixtures were further incubated with the BYL membranes (P30 BYL) (20) , followed by RNA synthesis in the presence of [␣-32 P]CTP. Control experiments using a mock-translated reaction mixture were also performed in parallel. For ToMV-LT1, addition of the tm-1 or the Tm-1 mRNA-translated mixture had no detectable effect on viral RNA replication ( Fig. 2A) . For WT ToMV, viral RNA replication was inhibited only when the Tm-1-translated mixture was added (Fig. 2 A) . For ToMV-TLIle, TMGMV, and PMMoV, addition of either tm-1 mRNA-translated or Tm-1 mRNA-translated mixtures had inhibitory effects on viral RNA replication ( Fig. 2 A) . The effect of tm-1 on ToMV-TLIle RNA replication was weaker than that of Tm-1, which may account for the high frequency of emergence of resistance-breaking mutant viruses in ToMV-TLIle-inoculated tm-1 tomato (18).
We next examined the ability of the tm-1/Tm-1 proteins to bind tobamoviral replication proteins. The genomic RNAs of the tobamoviruses, mRNA for FLAG-tagged tm-1 (tm-1-FLAG) protein, and mRNA for FLAG-tagged Tm-1 (Tm-1-FLAG) protein were separately translated in mdBYL in the presence of [ 35 S]methionine. The translation reaction mixtures for tm-1-FLAG or Tm-1-FLAG were mixed with each of the viral RNA-translated mixtures, followed by affinity purification using anti-FLAG antibody-conjugated agarose beads, SDS/PAGE, and autoradiography to detect 35 S-labeled protein bands. Control experiments using a mock-translated reaction mixture were also performed in parallel. The replication proteins of ToMVTLIle, TMGMV, and PMMoV were copurified with both tm-1-FLAG and Tm-1-FLAG proteins (Fig. 2B) . The replication proteins of WT ToMV were copurified with the Tm-1-FLAG protein but not with the tm-1-FLAG protein (Fig. 2B) . The replication proteins of ToMV-LT1 were not copurified with either tm-1-FLAG or Tm-1-FLAG proteins (Fig. 2B ). The observed binding was confirmed by a reciprocal experiment in which HA-tagged tm-1/Tm-1 proteins were co-immunoprecipitated with FLAG-tagged 130-kDa proteins of tobamoviruses (Fig. S1) . Thus, the interaction with the tm-1/Tm-1-FLAG proteins was observed only for the replication proteins from tobamoviruses whose RNA replication was affected by the tm-1/Tm-1 proteins. These results suggest that the inability of tobamovirus to multiply in transgenic tobacco plants expressing tm-1 or Tm-1 is due to the inhibition of viral RNA replication through the binding of the tm-1 or Tm-1 proteins to their replication proteins.
A TMGMV Mutant That Has Escaped from the Inhibitory Interaction
with tm-1 Multiplies in Tomato. Tm-1-resistance-breaking ToMV strains occur quite frequently in tomato (21) . To test if tm-1-resistance-breaking TMGMV and PMMoV mutants also emerge, we inoculated these viruses into transgenic tobacco plants that expressed tm-1. In 1 of 20 tm-1-expressing tobacco plants inoculated with TMGMV, a delayed accumulation of CP was observed in the upper uninoculated leaves at 17 days postinoculation (dpi) (Fig. S2 A) . At the same time point, CP accumulation was not detected in PMMoV-inoculated tobacco plants that expressed tm-1 (12 plants) (data not shown).
We recovered the leaves of the tm-1-expressing tobacco plant in which TMGMV CP accumulation was detected, prepared homogenates, and inoculated them into nontransgenic and transgenic tobacco plants that expressed tm-1. At 4 dpi, TMGMV CP accumulated in inoculated leaves of tm-1-expressing tobacco to a level similar to that of inoculated nontransgenic tobacco leaves (Fig. S2B) . This result suggests that the inhibitory effect of tm-1 was overcome by the TMGMV mutant.
To identify the mutation site(s), a DNA fragment was amplified by RT-PCR from the 130-kDa protein-coding region of this TMGMV mutant and sequenced. In the sequenced region, 2 nucleotide changes (C2751 to T and T2979 to A) that caused amino acid substitutions (Thr-894 to Met and Phe-970 to Tyr, respectively) were found (Fig. S3) . To examine whether these mutations were important for the multiplication of TMGMV in tm-1-expressing tobacco, we constructed a full-length TMGMV cDNA clone that harbored these mutations by site-directed mutagenesis. In vitro-transcribed RNA prepared from this clone (TMGMV-T894M,F970Y) was inoculated into the leaves of nontransgenic and transgenic tobacco plants that expressed tm-1, and CP accumulation in the inoculated leaves was examined at 4 dpi. In the tm-1-expressing tobacco plants, TMGMV-T894M,F970Y CP accumulated to levels as high as those in nontransgenic plants (Fig. 3A) , indicating that these amino acid substitutions are sufficient for TMGMV to multiply in tm-1-expressing tobacco. As expected, in vitro replication of TMGMV-T894M,F970Y RNA was not inhibited by the addition of the tm-1 protein (Fig. 3B) , and tm-1-FLAG protein did not bind to the replication proteins of TMGMV-T894M,F970Y in vitro (Fig. 3C) . These results suggest that the amino acid substitutions in the TMGMV replication proteins decreased the affinity for tm-1 and thereby conferred the ability to overcome the inhibition of virus multiplication by tm-1.
While the expression of tm-1 alone in tobacco was sufficient to inhibit TMGMV multiplication, it was not clear to what extent the inhibition by tm-1 contributed to the inability of TMGMV to multiply in tomato. To address this issue, we prepared protoplasts from a suspension-cultured tomato cell line derived from GCR26 (genotype tm-1/tm-1) and inoculated WT TMGMV, TMGMV-T894M,F970Y, and WT ToMV RNAs by electroporation. In the protoplasts, TMGMV-T894M,F970Y CP accumulated to a level comparable to that of WT ToMV CP, whereas WT TMGMV CP failed to accumulate to a detectable level (Fig.  3D) . In protoplasts prepared from tobacco BY-2 cells, the CPs of all these viruses accumulated to similar levels (Fig. 3D) . These results suggest that tm-1 is the only major factor that inhibits the intracellular multiplication of TMGMV in tomato.
In contrast, in inoculated tomato plant leaves (GCR26), CP accumulation of TMGMV-T894M,F970Y was not detected by Coomassie blue staining of an SDS/PAGE gel at 6 dpi (Fig. 3E) . Under similar conditions, WT ToMV CP accumulated to high levels (Fig. 1B) . This suggests that factors other than tm-1 negatively regulate TMGMV multiplication in tomato plants, probably during cell-to-cell spread. At later stages (10 dpi or later), systemic necrosis was obser ved in TMGMV-T894M,F970Y-inoculated tomato plants (Fig. 3F) . W T TMGMV-inoculated tomato plants showed no obvious symptoms (Fig. 3F) . In the upper leaves of TMGMV-T894M,F970Y-inoculated tomato plants, a very low level of viral RNA accumulation (Ͻ15 ng per 1 g of total RNA at 8 dpi; note that ToMV RNA accumulates at a level of 300-500 ng per 1 g of total RNA under similar conditions) was detected by Northern In vitro RNA replication reaction of tobamovirus RNA was performed in the presence of tm-1 or Tm-1 as described in Materials and Methods. 32 P-labeled RNA products were separated by PAGE followed by autoradiography. The positions of genomic RNA (G) and replicative form RNA (RF) are indicated. Asterisks show the positions of tm-1 or Tm-1 mRNAs that were labeled with 32 P by an unknown mechanism independent of viral factors. We confirmed that similar amounts of the tm-1 and Tm-1 proteins were added to the reaction mixtures (data not shown). (B) Interaction between tobamovirus replication proteins and tm-1 or Tm-1. The genomic RNA of the tobamoviruses and mRNA for tm-1-FLAG and Tm-1-FLAG were translated in mdBYL in the presence of [ 35 S]methionine. Viral RNA-translated mixtures were mixed with mock-(for the panel indicated by a hyphen), tm-1-FLAG-, or Tm-1-FLAG-translated mixtures followed by purification with anti-FLAG antibody-conjugated agarose beads. Protein samples before (Input) or after (IP: anti-FLAG) FLAG purification were analyzed by SDS/PAGE and autoradiography. The positions of the replication proteins of tobamoviruses (Rep.), tm-1-FLAG, and Tm-1-FLAG are indicated.
blot hybridization (Fig. 3G) , suggesting that systemic infection of TMGMV occurred in tomato in the absence of the inhibition by tm-1 to result in the induction of necrosis. Taken together, we conclude that tm-1 plays a role in restricting intracellular TMGMV multiplication, and other mechanisms impair the spread of TMGMV in tomato.
Discussion
Tomato and tobacco both belong to the family Solanaceae, and ToMV infects both plants. Nevertheless, while TMGMV and PMMoV infect tobacco, tomato is a nonhost for these viruses. TMGMV or PMMoV cannot multiply even in protoplasts of tomato. In this study, we demonstrated that the expression of tm-1, the recessive allele of Tm-1 harbored by ToMV-susceptible tomato, inhibits the multiplication of TMGMV and PMMoV in tobacco. We also found that the tm-1 protein binds to the replication proteins of these viruses and inhibits RNA replication. These results indicate that tm-1 is an inhibitor of TMGMV and PMMoV RNA replication, although it does not inhibit WT ToMV RNA replication.
Tm-1 homologs are found in a wide range of plant species including Arabidopsis thaliana (At5g66420) and rice (Os06g0472400). Whether these Tm-1 homologs help inhibit tobamovirus multiplication is unknown and should be examined in future studies. Putative Tm-1 homologs were also found in fungi and bacteria, suggesting that Tm-1 (tm-1) has a primary, currently unknown function and incidentally plays a role in anti-tobamoviral defense.
A TMGMV mutant that can multiply in the presence of tm-1 emerged in a tm-1-expressing tobacco plant. The mutation sites (Thr-894 to Met and Phe-970 to Tyr) were close but not identical to that of ToMV-LT1 and TLIle mutants (Gln-979) (Fig. S3) . Another set of mutations in ToMV replication proteins (Asp-1097 to Val and Arg-1100 to Gln) also confers the ability to overcome Tm-1-mediated resistance (22) (Fig.  S3) . Thus, amino acid substitutions at various residues of the replication proteins can disturb the interaction with tm-1/Tm-1 without affecting the ability to replicate viral RNA, which may explain in part why the resistance by tm-1/Tm-1 alone is easily overcome.
TMGMV-T894M,F970Y multiplied to a level similar to that of ToMV in tomato protoplasts, indicating that tm-1 plays a major role in suppressing intracellular multiplication of WT TMGMV. In tomato plants, the mutant multiplied to very low but detectable levels (Ͻ5% of the level for ToMV), suggesting that TMGMV-T894M,F970Y spreads in tomato plants less efficiently than ToMV. Virus resistance by dominant genefor-gene resistance genes often triggers a hypersensitive re- sponse that accompanies cell death. Because systemic necrosis was observed upon infection with TMGMV-T894M,F970Y in tomato plants, hypersensitive response-like defense reactions might have occurred to incompletely restrict the intercellular spread of the TMGMV mutant. Alternatively, or in addition, other inhibitory factors of TMGMV spreading may be present, or optimal interactions with host factors that facilitate the intercellular spread of TMGMV may be lacking in tomato. Such a multilayered resistance mechanism, in contrast to resistance by tm-1 alone, is consistent with the fact that no strains or mutants of TMGMV that can infect tomato have been reported and, more generally, with the durability of virus resistance displayed by nonhost species.
One major goal of plant pathology and virology is to clarify how the host range of viruses is determined. Because viruses recruit many host factors for their own multiplication, an unavailability of host factors required for virus multiplication has been thought to be a major cause of the inability of viruses to multiply in nonadapted hosts (2, 23, 24) . In fact, for animal viruses, cell surface receptors necessary for the viruses to enter host cells often define species, organ, or cell-type specificity. However, the yeast Saccharomyces cerevisiae supports genome replication and gene expression of plant, animal, and insect viruses (25) (26) (27) (28) (29) (30) (31) , indicating that host factors that are necessary for the replication of these higher eukaryote-infecting viruses are conserved even in yeast.
Here, we showed that an inhibitory interaction between viral and cellular proteins is one of the determinants that make tomato a nonhost for TMGMV and PMMoV. Not being strong enough to completely inhibit virus multiplication, several observations indicate the presence of other inhibitory factors that decrease the efficiency of virus multiplication in nonnatural hosts. For example, in the above-mentioned yeast-higher eukaryotic virus system, knockout of some specific yeast genes increases the efficiency of the RNA multiplication and/or gene expression of respective viruses (32) (33) (34) . More recently, the expression of yeast proteins that bind to brome mosaic virus RNA was reported to inhibit the virus infection in a host plant (35) , and A. thaliana proteins that bind to ToMV RNA or the movement protein were shown to inhibit ToMV multiplication (36, 37) . Furthermore, adaptation of avian inf luenza virus to human cells requires acquisition of a mutation in the viral polymerase gene to escape from an inhibitory activity that restricts ribonucleoprotein assembly, although the inhibitory factor present in human cells remains unidentified (38) . Thus, inhibitory factors for the multiplication of a certain virus may be prevalent in organisms to which the virus has not been well adapted. This idea further raises the possibility that Tm-1/tm-1-type virus resistance genes could be identified from nonhost organisms, even to viruses for which effective resistance genes are not currently available. On the other hand, viruses must have evolved the ability to escape from inhibitory factors during adaptation to their natural hosts. The lack of an interaction between the replication proteins of WT ToMV and tm-1 may represent such an evolutionary outcome.
Materials and Methods
Viruses and Infectivity Assays. A TMGMV-J cDNA clone for the preparation of infectious transcripts (14) was provided by Yasufumi Hikichi (Kochi University, Japan). PMMoV-J (MAFF 104032) was obtained from the National Institute of Agrobiological Sciences Genebank. For infectivity assays in Fig. 1 , purified WT ToMV (ToMV-L; ref. 39) , ToMV-LT1 (17) , and ToMV-TLIle (18) virion solutions (0.4 mg/mL), and crude leaf homogenates (50 mg of leaf tissues in 1 mL of 5 mM NaPi buffer, pH 7) of TMGMV-J infectious transcript-inoculated tobacco (cv. Samsun) and PMMoV-J-infected N. benthamiana, were mechanically inoculated onto leaves. In Fig. 3 , in vitro transcripts were synthesized from viral cDNA clones using an AmpliCap T7 High Yield Message Maker kit (Epicentre Technologies). The reaction mixtures were diluted 5 times with water and then used for inoculation. Electroporation of viral RNA to protoplasts was performed as described previously (40) . Accumulation of the CPs was examined by SDS/PAGE and Coomassie blue staining. Accumulation of viral RNA was detected by Northern blot hybridization using 32 P-labeled RNA probes complementary to the genomic RNA of TMGMV (nucleotides 5,820 -6,300).
Plants. Transgenic tobacco (N. tabacum cv. Samsun) plants were constructed by transformation with A. tumefaciens strains harboring pBI121 derivatives in which the ␤-glucuronidase-coding region was replaced by the Tm-1 or tm-1 cDNAs (6). Plants were grown at 24°C (30°C for PMMoV inoculation) under a 16-h light/8-h dark cycle.
In Vitro Translation and Replication of Viral RNA. Twenty-four picomoles (18.4 g) of tm-1 and Tm-1 mRNAs were translated in 80 L of mdBYL-based translation reaction mixtures (20, 41) . Translation of tobamovirus RNAs was performed in 20 L of mdBYL-based reaction mixtures using tobamovirus genomic RNA templates (40 ng of ToMV RNAs, 12 ng of TMGMV RNA, and 3 ng of PMMoV RNA). Tm-1-, tm-1-, or mock-translated (10 L) and tobamoviral RNA-or mock-translated (5 L) mixtures were mixed and incubated at 23°C for 20 min, followed by incubation with 5 L of P30 BYL at 15°C for 2 h and then by incubation with 5 L of ribonucleoside triphosphate mixture containing [␣-32 P]CTP (6) at 23°C for 1 h. The reaction was terminated by phenol extraction, and the RNA products were purified and analyzed by electrophoresis in an 8 M urea-2.4% polyacrylamide gel and autoradiography. Under these conditions, similar amounts of 32 P-labeled genomic RNA were produced in the absence of tm-1/Tm-1 for ToMV, TMGMV, and PMMoV. 
